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Scheimpflug photography has proved to be an important tool for quantitative measurements of lens nuclear transparency,l-1O Nuclear cataract develops symmetrically around the anterior-posterior axis, I I Therefore, one Scheimpflug photographic section is sufficient to represent the opacity in the nucleus. I I On the other hand, cortical cataract is always highly asymmetrical,1 2 so that even several photo graphic sections might not be sufficient for detecting a change in opacity in the cortex. 1 2 Therefore, Scheimpflug photography is a suitable technique for objective docu mentation of nuclear cataract but not cortical cataract. 13 In principle, to detect any change in nuclear back scat tering an area as large as possible in the nucleus should be measured, and the cortical region should be excluded to Eye (1994) 8, 524-529 © 1994 Royal College of Ophthalmologists obtain a high precision.Il.I} However, a VarIatlOn in location and size of the nucleus among individuals is expected and the border between the nucleus and the cor tex is not always well defined. To overcome these prob lems and thus to optimise the possibility of detecting a change in the nuclear density, a common lens nuclear area was established. 14 If there is a characteristic distribution of back scattering in the common lens nuclear area that can be determined with high precision, the sensitivity for detection of changes in back scattering increases if the characteristic distribution is considered.
The purpose of the present study was to estimate the physiological spatial distribution of back scattering in the nuclear area. Further, it was intended to analyse how a change in back scattering from the lens nucleus can be measured with adequate sensitivity.
MATERIALS AND METHODS
The distribution of back scattering in the nucleus of clini cally non-cataractous human lenses was analysed with photometry of Scheimpflug photographs.
Experimental Design
Subjects were randomly selected from a control group of a continuing clinical study testing a cholesterol-decreasing drug. All subjects had clear lenses at slit lamp examination and a visual acuity of at least 1.0 (6/6).
In total, Scheimpflug photographs from 10 individuals (8 males and 2 females, aged 52-72 years) were measured. Several photographs were taken on the same occasion for each eye of each subject. Two randomly selected photo graphs from each eye were analysed. In each photograph a 3 x 10 matrix of areas in the nucleus was measured (Fig. 1) .
Lens Pho tography and Densitometry of the Pho tographs
The lens was photographed with a Topcon SL-45 slit lamp camera. The camera has a built-in reference system, con sisting of a five-step grey scale reference system. All photographs were taken at vertical slit orientation (90°). The slit light was projected along the sagittal plane towards the lens. The film (Kodak TX 5063) was devel oped according to a standard method. 2 The spatial distribution of back scattering in the nucleus was measured with a modified Leitz microscope pho tometerl5 equipped with a recording device that allowed two-dimensional positioning of the measuring area with a micrometer resolution. The measuring area was 0.2 x 0.2 mm in the object plane, and the linear magni fication was 30 times.
Measuremen t Procedure
The photograph with the lens image was placed on the microscope stage. A virtual X-Y coordinate system was established over the lens photograph oriented so that the X-axis was parallel with the tangent to the anterior vertex of the lens and the Y-axis coincided with the anatomical axis of the lens (Fig. 1) . Each of a 3 x 10 matrix of areas ( Fig. 1 ) in each photograph was measured photometri cally. The total area measured was selected on the basis of the common lens nuclear area.
14 The photometric reading and its corresponding position of each area were recorded. Each photometric measurement was converted to a corres ponding grey scale level by calibration of the image read ing to the grey scale reference on the same photograph. 16
Da ta Analysis
The data were analysed according to a statistical model utilising an analysis of variance (Appendix 1).
Further, the experiment was planned to allow poly nomial regression with orthogonal comparisons for deter mination of a possible characteristic spatial distribution. 1 g
Statistical Parameters
Considering the small sample size, the significance level and the confidence coefficient were set to 0.05 and 0.95, respectively.
RESULTS
The analysis of the variation of back scattering within the nuclear area of the 20 lenses is presented in Table I .
Random Sources of Variation
The estimated variance for individuals (cr�) was 1230 x 10-4 (grey scale value). 2 This was obtained on the basis of the expressions of the expected mean square for individuals and photographs (Table n.
The estimated variance for photographs (cr�) was 127 x 10-4 (grey scale value).2 This was obtained from the expressions of the expected mean square for photographs and measurement error (Table n. Here, the measurement error (cr;) was approximated as 15 x 10-4 (grey scale value)2 neglecting the variance for interaction among photographs, X-locations and Y-Iocations, cr�'i;� (Table I) .
As measurement error (cr;) was 15 x 10-4 (grey scale value f, the coefficient of variation for measurements was about 3%.
Variation BeMeen Sides
There was no significant difference in back scattering between the right and the left eye ( 
Spatial Dis tribution of Back Sca t tering
There is a variation of back scattering along the X -axis (Table I : X-locations). There is no significant variation of back scattering along the Y-axis (Table I : Y-locations).
There is no significant difference between the right and left eye considering the distribution of back scattering along the X-axis and Y-axis, respectively (Table I : Int.
There is a two-dimensional variation of back scattering along the X-and Y-axes (Table I : Int. (X-Y». There is no significant difference in the two-dimensional distribution of back scattering between sides (Table I: Int. (S-X-Y».
Since the variation along the X-axis was found to be sig nificant, the distribution of back scattering along the X-axis was further analysed using orthogonal comparisons.
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Pattern of the Back Sca t tering
The orthogonal comparisons (Table II) showed that the distribution of back scattering along the X-axis can be represented by a second-order polynomial (equation 1).
( 1) where Z is the grey scale value, X the position along the X-axis, and a o ' a 1 and a 2 are regression coefficients, speci fic for each photograph.
The data for each photograph were fitted to a model corresponding to equation (I) with polynomial regression.
Es timate of Regression Parameters in a Population
The sources of variation in estimating these regression parameters in a population were analysed with an analysis of variance according to Appendix 2-1. The result is given in Table III . Here, the variation between sides was con sidered as a random factor since the difference between sides and the interaction between individuals and sides are not significant (Table I : Sides, Int.(I-S».
A 95% confidence interval for a o ' a 1 and a 2 , respect ively, was then estimated (Table IV) according to Appen dix 2-2 using the mean square for individuals in Table III . The estimated physiological spatial back scattering along the X-axis is plotted by substituting the means of a o ' a 1 and a 2 into equation (I) (Fig. 2) .
Sensitivity of the Method
The sensitivity of the method was estimated by comparing the coefficients (a o ' a1 and a 2 ) derived from the original grey scale data with those derived from simulated grey scale data. Table I . Analysis of variance of back scattering within the nuclear area in the non-cataractous lens Here, Int. is the abbreviation for the interaction factor. a, the number of individuals (= 10); h, the number of sides (= 2: right and left eye); c, the number of photographs in each eye in each individual (= 2); d, the number of locations along the X-axis (= 10); n, the number of locations along the Y-axis (= 3).
a', the expected variance for the indexed-random term: A, individuals; C, photographs; E, error. K', the factor corresponding to the variance for the indexed-fixed source: �, sides (right and left eye); (" locations along the X-axis; 11, locations along the Y-axis. X-locations (X) and Int (I-X) are from the Table l. lnt. is the abbreviation for the interaction factor. The sum of the *values for comparisons is the sum of squares for X-locations. a, the number of individuals (= 10); h, the number of sides (= 2: right and left eye); c, the number of photographs in each eye (= 2); 11. the number of locations along the Y-axis (= 3). er ' , the expected variance for the indexed-random term; A, individuals, C, photographs; E, error.
K', the factor corresponding to the variance of the indexed-fixed source; (" locations along the X -axis. tlq' a term for the contribution to the mean square from the (q)th degree element (q = I ... 9). When establishing the polynomial for each photograph, the back scattering was averaged over the three Y-Iocations at each of the ten X-locations (Fig. I) . These ten data points were used to establish a polynomial regres sion. Then the original data were altered in five different patterns (Fig. 3) .
For each pattern, a polynomial was established for each photograph according to equation (I). The difference between the original coefficients and those after alteration were calculated for each regression coefficient on each photograph. The confidence interval for the difference of a o ' a I and a 2 was calculated respectively (Table V) accord ing to the same statistical model as in Appendix 2-1 and the same method as that used in Table IV .
DISCUSSION
In our previous work 1 4 we defined a common lens nuclear area (CNA) for photometry of nuclear back scattering in Scheimpftug photographs. In the present study the largest rectangle (0.68 x 1.98 mm) within the common lens nuclear area was calculated. The measuring area used in this study was set to a square of 0.20 x 0.20 mm. This size was selected to allow a sufficient number of points for a possible subsequent polynomial regression. Considering 
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Anatomical axis of the lens �a is the difference between the coefficient derived from the altered grey scale level and that from the original. GS, grey scale steps. Five dif ferent patterns (Fig. 3) .
the size of measuring area, and to facilitate the measure ment, the largest rectangle in the common nuclear area was modified to a rectangle 0.60 x 2.00 mm in size, which corresponds to a 3 x 10 matrix of the measuring areas.
Precision of the Measurements
The three main random sources of vanahon in these measurements are variation among individuals, variation among photographs and variation among measurements (Table I) • photographs (O'�) and measurements (0';) is consistent with our previous work. 14 This indicates that one measure ment in one photograph for each subject is enough for evaluation of distribution of back scattering in the nucleus in a population. The precision of the measurement was estimated. As each area was measured only once, the measurement error was combined with the interaction among photographs, X-locations and Y-Iocations in the corresponding mean square (Table I : Int.(P-X-Y) and error), Considering the whole term as the measurement error, the precision of the measurement was about 3%. Therefore, this precision should be a maximum value.
D(ffe rence Between Sides
No significant systematic difference between sides was found (Table I: Sides) . Thus, it is not necessary to stratify sides when estimating the average nuclear back scattering in a popUlation of non-cataractous lenses.
Spatial Distribution of Back Scattering
The finding that the interaction between the two dimen sions (Table I: lnt. (X-Y» was significant implies that the distribution of back scattering along the X -axis is different for different Y layers. However, the significant interaction among individuals, X-and Y-axis (Table I: Int.(I-X-Y» indicates that there might be a large variation of the coeffi-cients among individuals for a surface polynomial. Thus, a large number of individuals would be needed in order to detect a change in nuclear opacity. Since the test statistic for the variation of spatial distribution along the X-axis was significant (Table I) while that for variation along the Y-axis was not significant (Table I) , the spatial distribution of back scattering was simplified to one dimension. We average over Y-Iocations at each X-coordinate when estab lishing the polynomial.
In the present study we attempted to fit the spatial distri bution of back scattering in non-cataractous lenses to a polynomial. The orthogonal comparisons (Table II) show that the variation in back scattering along the X -axis can be explained by a second-order polynomial (Z = ao + a lX + aeX " ) . Therefore, a second-order poly nomial was selected for further analysis. In this poly nomial. ao reflects the level of the back scattering; a I and a 2 indicate the asymmetry and shape of the distribution curve. respectively.
Since nuclear cataract usually develops symmetrically around the anatomical axis of the lens.
I I it is expected that an increase in the nuclear density could be reflected mainly by a change in the coefficients a ( l and (12' The fact that the linear component (a l ) in the polynomial is signifi cant (Table II) indicates that the spatial distribution of back scattering is not symmetrical around the anatomical axis of the lens. The highest grey scale value is located slightly below the anatomical axis of the lens (Fig. 2) . This asymmetry might be due to the gravity effect acting on the lens material. This finding indicates that the orien tation of the image of the lens in Scheimpflug photograph is important.
The fact that the intensity of back scattering peaks in the central region and gradually decreases towards the periph ery of the lens (Fig. 2) is consistent with the spatial distri bution of protein concentration. 19
Sensitivity of the Method
The physiological back scattering could be used as a base curve in estimation of nuclear opacification. The alteration of back scattering in cataractous lenses could be deter mined as significant deviations from the base-curve values, measured as the regression coefficients.
Clinically, it was observed that nuclear cataract mani fests symmetrically.
I I Therefore we altered the original grey scale in five different patterns to estimate the influ ence of increased grey scale values on the regression coef ficients of the polynomial. In Table V , it can be seen that for a localised increase in the grey scale at the central region of the lens, a 1 is changed in the order of 100% of the mean, while ao is changed in the order of 10% of the mean. For the homogeneous increase in the grey scale level along the X-axis, the increase in grey scale level is proportional to the increase in the coefficients (10 and al, respectively (Table V, pattern 5).
Asymmetrical increase in nuclear opacity might occur clinically. It is expected that the change in the coefficient a I could reflect this change. Further, tolerance limits of W. QIAN ET AL.
parameters for the physiological distribution of back scat tering determined from a large sample could serve as reference values for individual measurements.
Final Remarks
In the present study the spatial distribution of back scatter ing in the nuclear area of the non-cataractous human lens was investigated. It is concluded that there is a charac teristic variation in nuclear back scattering along a sagittal section of the nucleus centred on the pupil. This variation can be modelled as a second-order polynomial. Thus the regression coefficients of the polynomial can be used as cataract indices. We anticipate that the established method will improve the sensitivity in detection of nuclear catar act. especially in the early stages. It is believed that the increase in back scattering in the central region corres ponds to the peak protein concentration in the centre of the nucleus.
APPENDIXES
Appendix I
The experimental data were analysed with an analysis of variance for a mixed model: 1 7 
